Geochemical techniques have been used to estimate groundwater recharge and its spatial variability in basement terrain in a semi-arid area of southern Zimbabwe. Recharge rates estimated by chloride mass balance have been determined in the Romwe Catchment, a small (4.6 km 2 ) headwater catchment underlain by banded gneisses, with good hydrological and geological control. The results support the findings from piezometric monitoring that there are significant differences in hydrogeological properties of weathered basement derived from different primary lithologies. Annual recharge estimates for shallow weathered aquifers derived from melanocratic bedrock (dominated by pyroxene gneiss), 22 mm, and leucocratic felsic bedrock, 6.7 mm, are 3.7% and 1.1% respectively of the long-term mean annual rainfall. The significant uncertainties associated with the chloride mass balance recharge estimates are discussed. Groundwater derived from each lithology generally has a distinctive geochemistry (Na/Cl, K/Na, Mg/Ca, Na/Cl, B, Ba). The information from the Romwe catchment control area was then scaled up using information from remote sensing images (which defined areas of dark and light soils above the banded gneiss) to confirm the higher recharge rates in the melanocratic lithology in the unexplored Greater Romwe (225 km 2 ) area. It is concluded that properly calibrated, remote sensing images could be further regionalized to site groundwater sources in basement terrain, providing a relatively inexpensive development tool.
Introduction
Groundwater is the main source of water for much of the rural population of sub-Saharan Africa, particularly those in the drought-prone semi-arid regions (Foster et al, 2000; JMP, 2008; MacDonald et al, 2009; MacDonald et al, 2012) . The exploitation and sustainability of this resource is key to human survival and economic development. Large areas of sub-Saharan Africa are underlain by crystalline basement rocks and much research has been undertaken on groundwater storage and flow within this aquifer and how best to develop and protect water supplies (e.g. Wright, 1992; Chilton and Foster; 1995, MacDonald et al; .
Crystalline basement rock in Africa is primarily of Precambrian age and granitic or gneissose in type (Clark, 1985) . Basement aquifers are formed due to the effects of prolonged weathering and tectonic forces on the parent rock (Fookes, 1997) . The aquifer can be simplified to a two layer system: the shallow weathered layer (regolith), and the underlying largely unweathered bedrock (Acworth, 1987) . The regolith has a high storage in comparison with the bedrock; fractures within the bedrock provide permeability which can be high where a significant network of fractures exists (Chilton and Foster, 1995; Taylor et al, 2010) . Boreholes completed in the bedrock are particularly productive where the fractures tap a large volume of overlying saturated regolith. The degree of weathering of the basement rock is dependent on a number of factors including: the mineralogy and texture of the parent rock (Jones, 1985; Courtois et al, 2010) ; fracturing that has occurred within the parent rock; the age of the erosion surface (Taylor and Howard 2000) ; and the quantity of groundwater recharge and throughflow (Jones, 1985; Acworth, 1987) . The weathering profile may vary considerably both on a regional and local scale.
An investigation of the control this variability in weathering can have on groundwater recharge and well productivity was undertaken between 1993 and 1998 as part of the work undertaken in southern Zimbabwe within the Romwe Catchment Study (RCS; Bromley et al, 1999) . The Romwe catchment is a small basement-complex headwater catchment lying within the northern margins of the Limpopo Mobile Belt (Robertson, 1974 ). An aim of the RCS was to improve the understanding of hydrological processes, and particularly groundwater recharge mechanisms, in areas of crystalline basement geology having a land use typical of communal lands. A number of studies relevant to understanding the groundwater system within the RCS have been published (Macdonald et al, 1995; Butterworth, 1997; Bromley et al, 1999; Butterworth et al, 1999abc; Moriarty, 2000) .
The main objective of the study reported here was to investigate the use of chloride as a tool for estimating groundwater recharge in basement terrains. This technique has been successfully applied to sedimentary areas with deep unsaturated zones, such as in Australia (Allison et al, 1994) , Senegal (Gaye and Edmunds, 1996) and China (Gates et al, 2008) but its application to basement areas and the weathered regolith has received little attention (Lapworth et al, 2013) . In this paper, as well as Cl, major ions are used to characterize the hydrogeochemistry so as to infer the predominant aquifer units. The conclusions from work undertaken within the 4.6 km 2 Romwe catchment, used as a control, were applied to a larger area of 225 km 2 (Greater Romwe) to evaluate geochemical methods and remote sensing as tools for regional groundwater exploration. As well as addressing a gap in knowledge on the hydrogeological behaviour of basement aquifers, this study contributes towards the challenge of meeting the water requirements of rural populations in hard rock terrain.
Background

Romwe Catchment Study
The Romwe catchment is located in the Save River Basin, within the northern margins of the Zimbabwean Lowveld, at an altitude of ~800 m asl. The site ( 2 ), is typical of many headwater catchments in the communal lands of Zimbabwe, in that it is underlain by crystalline basement and has mixed land use consisting of rainfed farming and woodland vegetation. Gentle slopes along the valley floor, drained by an ephemeral stream, are flanked by steep rocky hills, dissected at intervals by steep saddles. Cultivation is restricted to the valley floor, while steep valley sides are covered by Miombo woodland (Cowling et al, 1997) . Rainfall usually occurs only in the summer months from October to April. The annual average rainfall is 591 mm (std dev 253 mm), based on a 45 year record at Chendebvu Dam (Mugabe et al, 2007) , 12 km to the north of the catchment; the inter-annual variability for this period ranges from 83 mm to 1191 mm. The annual rainfall measured in the Romwe Catchment over the period of the study was: 1993/94, 538 mm; 1994/95, 501 mm; 1995/96, 866 mm; 1996/97, 719; 1997/98, 673 mm. The Romwe catchment is located in an area of strongly-banded granulite gneiss (Bromley et al, 1999) . The gneissic foliation dominates the trend of the topography in the catchment (Figures 1 and 2 ). The gneisses range from dark-coloured pyroxene gneisses to light-coloured quartzo-feldspathic granulites. Between these extremes of composition is a wide range that grades imperceptibly from one to the other. The various types are interbanded at scales from a few centimetres to several hundred metres, however, the north side of the low-lying cultivated areas of the catchment is dominated by melanocratic pyroxene gneisses, while leucocratic pyroxene gneisses banded together with subordinate amounts of quartzo-feldspathic gneiss are more common on the southern side (Bromley et al, 1999) . The high ground within the catchment is primarily quartzo-feldspathic gneisses with subordinate pyroxene amphibolite and biotite gneisses although this also underlies some of the lower-lying cultivated areas in the south of the catchment. Within the leucocratic pyroxene gneisses, pyroxene is usually the dominant mafic mineral though occasionally amphiboles or biotite may be more abundant; these mafic minerals constitute up to 25% of the rock. Hypersthene is the dominant mafic mineral in the pyroxene gneisses, often forming up to 70% of the rock.
The geology strongly controls the distribution of soil types in the catchment. Two main soil types are present (Bromley et al, 1999) . In the low-lying cultivated land on the southern side of the main catchment stream, there is a grey duplex soil (ferric lixisols) of sandy loam, 0.3 to 1 m thick. This is coincident with the leucocratic gneiss but also with the lower lying areas mapped as predominantly quartzo-feldspathic gneiss. For the majority of the area where the grey duplex soil occurs it is underlain by a sandy clay layer. The leucocratic gneiss and quartzo-feldspathic gneiss from hereon will be referred to as the "felsic" rock group. In the low-lying areas to the north of the stream, the less resistant and more easily weathered melanocratic pyroxene gneiss (referred to hereon as "mafic rock") has given rise to red clay soils (chromic lixisols). The distinction between the red mafic rocks and grey-coloured felsic-rock group is strong when viewed in aerial photography.
Field studies (Butterworth et al, 1999b; Moriarty, 2000) have identified significant differences in the properties and hydrological regimes associated with the mafic and felsic soils and rocks. Based on data from two representative sub-catchments, Butterworth et al (1999a) showed runoff to be greater on the felsic soils than the mafic soils by a factor of six and five respectively in seasons 1994/5 and 1995/6. This is a combination of: the crusting that develops on the felsic soils during dry periods; the saturated near-surface conditions that develop during wet periods; and the thick clayey horizon within the weathered zone of the felsic rocks which promotes interflow.
Groundwater levels indicate that groundwater flow follows the topographic slope towards the stream, that flows through the centre of the catchment, and towards the catchment outlet to the west. In estimating groundwater recharge Moriarty (2000) differentiates between the felsic rock areas where the soil is underlain by the clay layer and the remainder of low-lying areas of the catchment which are dominated by the mafic rocks. He estimated annual groundwater recharge to the felsic rock aquifer where underlain by the clay layer for the period 1993/94 to 1997/98, using the water table fluctuation method (Crosbie et al, 2005) , to be typically half that elsewhere in the low-lying areas of the catchment. The total groundwater recharge calculated using this method ranged from 24 mm in 1994/95 to 188 mm in 1996/97. Butterworth et al (1999a) identify rainfall distribution within a season as important, with recharge being highly dependent on the occurrence of intense rainfall events. They also highlight the value of management structures, in particular contour bunds, which hold up runoff and promote recharge.
The groundwater level fluctuation within the weathered zone of the mafic rocks and felsic rock group is significantly different as shown by two representative groundwater hydrographs (Figure 3) . The rise and subsequent recession of groundwater levels in the mafic rocks is greater than in the felsic rock group. For example, as a result of the rainfall season in 1995/96, groundwater levels in the mafic rocks typically rose by 7 m. This compared with a typical rise of 3 m in the felsic rock group for the same rainfall season.
Pumping tests undertaken by Macdonald et al (1995) show the weathered zone of the mafic rocks to be more permeable than that of the felsic rock group. Although variable across the catchment, there is no significant difference in the depths of the weathered zone between the mafic rocks and the felsic rock group; the typical depth of the weathered profile is 12 m. Figure 4 illustrates the influence of the weathered profile on well productivity in the Romwe Catchment. The figure shows water levels in domestic wells completed in the mafic (Well 6, Figure 4a ) and felsic (Well 10, Figure 4b ) rocks and in piezometers located in the vicinity (a distance of 138 m and 168 m, respectively); weekly abstraction volumes are also shown. The pumping tests gave transmissivities of 1.99 m2/d for the well in the mafic rock and 0.22 m2/d for the well in the felsic rock (Macdonald et al, 1995) . A notable drawdown occurs in the latter over the period June 1994 to October 1995 (~9 m) in response to an average daily abstraction of 118 litres. This compares with the well in the mafic rock which shows only a small drawdown in response to an average daily abstraction of 411 litres over the same period.
Prior to the rainy season of 1995/96 there had been almost a decade of below average rainfall in the region. In the latter two seasons of this period, during which monitoring took place in the catchment, groundwater levels started and ended the season close to the base of the weathered aquifer (Butterworth et al, 1999b ; Figure 3 ). In the subsequent three years, groundwater levels at the end of the dry season rose each year as a result of above average rainfall (Figure 3 ). Bedrock outcrops across the majority of the outlet of the Romwe catchment. Moriarty (2000) identifies the primary mechanisms for groundwater discharge from the catchment as transpiration by deeply-rooted vegetation located in the valley bottom and lateral groundwater flow from the catchment to the west through the bedrock.
Recharge investigations using hydrogeochemical methods
Physical approaches in the past have been more widely used than tracer (isotopic and chemical) techniques for recharge estimation (eg Simmers, 1988; Lerner et al, 1990) . In semi-arid regions however, there is recognition of the limitations of the physical approaches (Allison et al, 1994) . Studies of the unsaturated zone using chemical or isotopic techniques in particular are considered to offer definite advantages over physical approaches and recently the use of CFCs and SF 6 have been shown as promising tools for identifying modern recharge and infiltration rates (Stadler et al 2010; Lapworth et al, 2013) . Profile techniques using tritium or Cl in unsaturated zones of predominantly sandy terrain (Scanlon et al, 2006) have now been successfully applied in many areas: Africa (Edmunds et al, 1988; Gaye and Edmunds, 1996) , Middle East (Edmunds and Walton, 1980) , Australia (Allison and Hughes, 1978) , India (Sukhija et al, 1976) , North America (Phillips, 1994; Wood and Sandford, 1995) and China (Gates et al, 2008) , and generally provide realistic mean recharge estimates over periods of years or decades. Of the three widely used tracer methods (tritium, stable isotopes and Cl) Cl proves especially attractive as a low-cost tracer for recharge estimation in rural, often remote areas (Edmunds and Gaye, 1994) . In semi-arid areas, Cl has the advantage over tracers involving the water molecule ( 3 H,  18 O,  2 H) in that atmospheric Cl inputs are conserved during the recharge process, allowing a mass balance approach to be adopted.
Determining the spatial variability of groundwater recharge remains a challenge but chemical methods can offer a simple and cost-effective solution. Work by Eriksson and Khunakasem (1969) and Eriksson (1976) showed that Cl in groundwaters could be used to provide regional estimates of recharge provided there is no geological input, and if atmospheric deposition of Cl is known. The chloride mass balance (CMB) has been used to determine the spatial variability of recharge in Senegal (Edmunds and Gaye, 1994) , extrapolating the unsaturated zone data using shallow wells. The present study is an attempt to apply the CMB approach to basement terrain with deeply weathered regolith.
The basic approach for using Cl to estimate groundwater recharge relates to the partitioning of precipitation:
where P = precipitation E = evapotranspiration from soil and shallow root zone R = recharge to groundwater Q = surface runoff to streams
If it is assumed Cl is neither gained nor lost via weathering, we can include Cl concentrations in Eq. 1: P*Cl pptn = E*Cl evap + R*Cl rec +Q*Cl roff (2) where Cl pptn = chloride concentration in precipitation Cl evap = chloride concentration in evapotranspiration Cl rec = chloride concentration in groundwater recharge Cl roff = chloride concentration in surface runoff
The term Cl pptn includes both wet and dry deposition during the rainy season but excludes any aerosol deposited during the dry season. If Cl evap is zero and Cl roff assumed equal to Cl pptn , Eq. 2 can be reduced and rearranged to give R:
Eq. 3 is applied within the Romwe catchment. The appropriateness of the assumptions made is explored in the Section 5.
Methods
The applicability of the CMB method was tested in the Romwe catchment where it could be validated with estimates of recharge made using physical methods (Butterworth et al, 1999ab) . The method was then scaled up to the much larger area of Greater Romwe in which more limited data were available on the hydrogeology. Here, groundwater chemistry was used as a means to verify the hypothesis that soils are good indicators of underlying geology. The CMB method was then used as a means to assess the spatial variation in groundwater recharge in Greater Romwe.
The study was undertaken between April 1993 and March 1997. Within the Romwe catchment, as part of the overall Romwe Catchment Study, an instrument network was established to measure rainfall, surface run-off, soil moisture storage, soil and plant evaporation, groundwater recharge and groundwater flow. During the period from November 1993 to October 1996, three full hydrological seasons, rainfall was measured and rainfall samples, representing total deposition, collected and analysed for Cl. Rainfall samples were taken on an event basis when a measurable amount of rainfall had occurred, normally greater than 1 mm.
To allow groundwater level fluctuation to be monitored, a total of 65 piezometers had been drilled in and around the catchment (Figure 1 ). The depths of the majority of the piezometers were determined by the extent of the weathered zone, with completion depths being approximately one metre into the bedrock. Depths range from 2.5 to 20.3 m (Table 1 ). All the piezometers have casing within the first metre of the ground surface but are open hole below this depth. Groundwater levels were also measured in 34 of the traditional hand-dug wells in the Romwe catchment and in one domestic borehole (Well 15). The wells ranged in depth from 3.6 to 12.6 m; the borehole was 45 m deep. Groundwater levels were measured on a weekly basis increasing in frequency to daily after a major (>30 mm) rainfall event.
Groundwater samples were taken in March 1994 from the 35 traditional wells and a selection of 40 of the piezometers. A number of the shallow piezometers were dry; those chosen from the remaining piezometers provided a good spatial distribution of sampling points. Samples were pumped using a small capacity battery-driven pump (10 litres min -1 ). A volume of water equivalent to three times that within the piezometer was pumped before sampling; this was not possible for the large-diameter wells. All groundwater samples were filtered in the field using 0.45 m membrane filters and analysed for major and selected minor elements (Na, K, Ca, Mg, Sr, Ba, B, and Si) using ICP-OES and automated colorimetry for Cl, F, NO 3 and I. Apart from 12 samples, ionic balances were within ±12%. The 18 wells and boreholes in areas where the underlying bedrock geology is unclear are not included in Table 1 ; the sites of wells and boreholes are overlain on the geology map in Figure 2 .
Subsequently a number of elements were monitored in six wells and two piezometers in the Romwe catchment during the dry season of 1996, to assess the difference between the two lithologies in terms of the changes in groundwater chemistry with time. Samples were taken initially on a weekly and then a monthly basis. This was used to improve the understanding of recharge processes and to inform the timing of sampling in the Greater Romwe element of the study.
The CMB method, given assumptions made in Eq. 3, requires an estimate to be made of the surface runoff (Q). Q was measured in two sub-catchments within the Romwe Catchment (Bromley et al, 1999) , representative of the red clay soils and the grey duplex soils across the whole of the catchment. It was only possible to collect a small number of runoff samples to measure Cl concentrations, which was not sufficient to estimate a mean Cl concentration of this component of the mass balance.
Prior to this study, limited information was available outside of the Romwe catchment. A larger area (225 km 2 ) centred on the Romwe catchment, here termed Greater Romwe, was used to test the hypotheses developed within Romwe ( Figure 5 ). The physical and socio-economic characteristics of Greater Romwe are comparable to those in the Romwe catchment although Romwe appears to have a higher degree of cultivation than elsewhere in Greater Romwe. A field survey was undertaken in the Greater Romwe area to identify wells and boreholes which were well distributed and had headworks protecting them from direct contamination from activities on the surface. A total of 55 sites were identified. At each site information was gathered on the groundwater source and a survey undertaken of soil type in the vicinity. Subsequently a oneoff groundwater sampling campaign was undertaken between September and November 1997 at the end of the dry season. The procedure and range of analyses undertaken on the groundwater samples were the same as those used within the first phase of the study within the Romwe Catchment. Figure 5 shows major soil types for the Greater Romwe area, based on a Landsat (Rocchio, 2011) satellite image (30 x 30 m pixel) taken in November 1992, during a period of severe drought. The lack of vegetation cover during this period gives above-average soil visibility. The pixels with bands associated with bare rock and the vegetation that cover high ground have been plotted in white to simplify the image (this also gives an indication of the relief of the area). What remain are pixels with bands coinciding with low-lying areas.
Results
Geochemical signatures in groundwater in Romwe Catchment
The chemistry of groundwater in the Romwe catchment is presented in Table 1 , sub-dividing samples occurring in the areas with the red clay soils overlying the mafic rocks and those in the areas with the grey duplex soils overlying the felsic rock group. As already mentioned, those in areas where the underlying bedrock geology is unclear are not included in Table 1 .
The groundwater mineralisation can be regarded mainly as the result of evaporative concentration combined with weathering reactions with rock forming minerals and soil derivatives (Appelo and Postma, 2005) . Silicate mineral weathering of the felsic and mafic components of the gneisses involves hydrolysis of the primary mineral to produce a secondary clay mineral, Si and major cations and substituted trace elements. This can be expressed most simply as: In the felsic gneiss, K-feldspar (orthoclase) and/or albite may be present and K/Na ratios will vary accordingly. In the mafic gneisses, pyroxene (hypersthene) where present would contain mainly Fe and Mg with trace Ca; hornblende may also be present as an alternative mineral phase giving rise to Mg and Fe as solutes. There is also the possibility for a wide range of alternative secondary clay minerals.
The inorganic (cation) chemistry is summarised in a trilinear plot ( Figure 6 ). This plot uses only those samples that can be clearly associated with underlying mafic or felsic group rocks (see Table 1 ) and had acceptable ionic balances (within ±12%). In Figure 6 the overall mafic (pyroxene gneiss) weathering contribution is seen in the bulk of samples having Mg/Ca considerably above 1, reflecting this major source of Mg as compared with the lower Mg/Ca ratios in the felsic group which only contain minor amounts of mafic minerals. Na and K are predominantly enriched in groundwaters from the felsic group containing a predominance of plagioclase and K-feldspar. High concentrations of Si (24 and 20 mg l -1 , respectively) in both mafic and felsic groups reflect the weathering process. Other important results include the low F concentrations showing that, unlike many hard rock regions, F enrichment is not prevalent. Iodide was investigated as a possible tracer but results were inconclusive.
Groundwater Cl concentrations range from 6.1 to 910 mg l -1 . Human activities would tend to concentrate Cl already in the catchment and any adjustments to the mass balance due to import from outside the catchment (eg food) are likely to be small. Nitrate concentrations in most groundwaters are high. The presence of NO 3 indicates that largely aerobic conditions are likely to prevail and this is backed up by the mainly very low concentrations of dissolved iron (Table 1 ). The high NO 3 concentrations may in part be a natural phenomenon, due to N-fixing vegetation (Edmunds and Gaye, 1997) although addition from human activity (Malomo et al, 1990; Taylor and Howard, 1995) is considered more likely to account for high NO 3 in some of the wells and piezometers. Groundwaters in Romwe have higher overall NO 3 concentrations than in Greater Romwe, likely due to the more intensive cultivation in Romwe. To reduce uncertainty, samples with over 20 mg l -1 NO 3 -N are excluded from the data set for discussion of recharge. The influence of groundwater irrigation returns on groundwater Cl concentrations is minimal as this is limited to a small number of market gardens.
Taking Cl as a conservative tracer and recharge indicator, a series of plots of ions and ionic ratios ( Figure 7 ) are then used to investigate lithology origins and whether the field classifications of soil/rock types are matched by the geochemical characteristics of the groundwaters. It is evident that the geochemical signatures must be established rapidly during the infiltration process. The Na/Cl plot ( Figure 7) shows that waters from the mafic group generally have lower Cl than the felsic group. The spatially-averaged Cl concentrations from groundwaters in the two rock types, estimated by interpolation onto a regular grid using kriging, are 24.1 mg l -1 for the mafic rock and 74 mg l -1 for the felsic rock group. Based on a Mann-Whitney test, the mean Cl concentrations in the two geologies are shown to be signficantly different (p=0.0004 for the null hypothesis). This indicates lower amounts of recharge in the felsic rock group (n.b. all the groundwater samples from the felsic rock group apart from three came from the areas where the shallow clay layer is present). The Na/Cl ratio vs Cl also shows that both groups are enriched in Na with ratios usually between 1 and 4, likely due to the weathering of plagioclase. Barium is higher in the felsic group indicating the likely contribution of Kfeldspar with Ba as a trace constituent. The Sr/Ca ratio is also greater in the felsic group which may relate to the higher abundance of K-feldspar in which Sr, like Ba, may occur as a trace element. The K/Na ratio is higher in the mafic group which indicates a greater relative release of K in this group (from K-feldspar and especially biotite) than in the felsic rocks. Boron was investigated as a tracer but no significant lithological differences were found.
Trends in groundwater chemistry
Groundwater chemistry in a series of eight wells and piezometers in the Romwe catchment was monitored throughout the 1995/96 dry season. The chemical responses of two wells (Well 2, representative of the mafic rocks, and Well 11, of the felsic group) are shown in Figure 8 . Ba, Sr/Ca, Mg/Ca and Cl are selected to illustrate trends.
There is a clear separation between the two lithologies as shown by Ba and the Mg/Ca and Sr/Ca ratios. High Mg/Ca ratios characterise waters from the mafic gneiss, and higher Sr/Ca ratios as well as Ba in the felsic lithology are consistent with greater contribution from weathering of K-feldspar. The relatively uniform ratios throughout the recession period indicated that there is no contribution from other lithologies or sources. The lower Cl values are further evidence of the higher recharge through the red soils overlying the mafic rocks. Overall there are very slight increases observed in Cl (and the other tracers) throughout the season in most groundwaters but these are more marked in the wells in the felsic rock group. The water chemistry at the beginning of the dry season in the wells and piezometers in the felsic rock group is thought to be affected by direct recharge from interflow at the base of the sandy surface layer. The water chemistry slowly stabilises through mixing and reaction to that representative of the aquifer during the dry season.
Chloride mass balance for Romwe Catchment
The weighted mean rainfall Cl concentrations in the three seasons 1993/94, 1994/95 and 1995/96 were 0.78, 1.39 and 0.68 mg l -1 respectively, and 0.89 mg l -1 (std dev 0.42 mg l -1 ) for the three year period. The rainfall Cl concentrations for a missing period between February and April 1994 were estimated using daily volume and Cl concentration ratios for the rainfall from the rest of that wet season.
The CMB method compares the Cl entering the ground with an averaged Cl concentration in the groundwater. Piezometric data indicate that there is no lateral inflow of groundwater to the catchment. To calculate the mass of Cl entering the ground the effective rainfall must be known. This is calculated by subtracting the runoff component from the rainfall (the complications of interflow or deep outflow are ignored here). The long-term annual effective rainfall on each soil type was approximated using the longterm average annual rainfall (591 mm, from Chendebvu Dam) and the runoff for the 1995/96 wet seasons on the representative sub-catchments in Romwe (Bromley et al, 1999) . It is recognized that the relationship between the long-term average rainfall and runoff is unlikely to be linear. To calculate a mean groundwater recharge, the effective rainfall was used along with the spatially-averaged groundwater Cl concentrations for 1994/95. The stages of the calculation are shown in Table 2 . The groundwater recharge of 22 mm calculated for the mafic aquifer compares well with the estimates of 24 mm, made separately, by Butterworth et al (1999a) and Moriarty (2000) 
for the felsic aquifer using the CMB method does not compare as well with that of 14 mm made by Moriarty (2000) using the water table fluctuation method for the areas underlain by the thick clay layer, however, it does support the finding that the recharge here is substantially lower.
Greater Romwe study
Having developed a hydrogeochemical model within the Romwe catchment, its validity was then tested on the larger area of Greater Romwe for which little information on agriculture or water supply was previously available. Physically, the Romwe Catchment typifies the topography, geology and soil types of the Greater Romwe area, apart from the relief of the north-eastern zone which is much lower. Information on the water resources within the Greater Romwe area, outside of the Romwe catchment, is only anecdotal. It suggests that water availability is lower in the west and south-west of the area. There are very few wells in this area, with most of the population relying on a limited number of boreholes or sandholes in the river beds.
Fifty-five groundwater sources were sampled in Greater Romwe of which 35 were traditional hand-dug wells and 20 were boreholes. The wells were typically six metres in depth, with a diameter of two metres. Limited information was available on borehole depths; owners reported depths between 25 and 46 metres. It was not possible to measure the depth to the water table in all the sources, in particular in the boreholes, however, where measured this ranged from 0.5 to 6.3 m from ground surface. Boreholes were fitted with handpumps while water was abstracted from the majority of hand-dug wells by bucket. Almost all the groundwater sources were used for domestic supply while water from approximately half of the wells was used for other purposes such as small-scale irrigation, livestock watering and brick making.
The two predominant bands of the Landsat satellite image match well with the two soil types mapped in the low-lying cultivated areas in the Romwe catchment. At 43 of the 55 groundwater sources sampled as part of the Greater Romwe study it was possible to identify clearly a soil type and at these sites there was a good match with soil type inferred from the Landsat satellite image ( Figure 5 ). It is therefore assumed that Figure  5 provides a good approximation of a simplified soil map for Greater Romwe. This shows that the grey duplex soils predominate in the Greater Romwe area. The most detailed geology map covering Greater Romwe (Robertson, 1974 ; 1:150,000) does not delineate the mineralogical variation in the basement gneiss.
Analysis of groundwater chemistry in the Greater Romwe area focusses on those 43 wells and boreholes referred to above. It is assumed that borehole water is representative of the groundwater in the regolith at that location; if the borehole is tapping the fractured bedrock its low storage would mean it is being continually replenished by the regolith water. The chemistry of groundwaters sampled in November 1997 is presented in Table 3 . As with the Romwe catchment data, a series of plots of ions and ionic ratios (Na, Na/Cl, K/Na, Mg/Ca, Sr/Ca and Ba) versus Cl are shown ( Figure 9 ). The correlation of geology and soil type identified in the Romwe Catchment was extrapolated to Greater Romwe and the geology associated with each of the sampling points was inferred from the soil type at the location of the groundwater source.
One main difference in the chemistry in the Romwe catchment and in Greater Romwe is the lower concentration of NO 3 in the latter, with a large numbers of samples with NO 3 below limits of detection. It may be inferred that the greater level of agricultural activity in the Romwe catchment is a major control. An alternative explanation is that the groundwater use has not been as great and that with longer residence time there has been some denitrification.
The same overall geochemical ratios are again seen, differentiating the two main rock types as in Romwe. As with the Romwe catchment, the Cl concentrations are, in general, significantly higher in the felsic rock group, indicating a lower overall recharge. The spatially-averaged Cl concentration in Romwe of ~1:3.2 (mafic to felsic) compares with the ratio of medians of ~1:2.1 in Greater Romwe. The median Cl concentrations in the mafic and felsic group in the Greater Romwe groundwaters are both lower than in the Romwe catchment. This may be related to the relatively high period of rainfall that occurred between Romwe (1994) and Greater Romwe (1997) sampling campaigns.
Discussion
Geochemical signatures
The geochemical data on the groundwaters in the Romwe catchment show distinctive signatures for waters derived from each of the two main lithological groups. Groundwaters from the mafic rocks are distinguishable by lower Na/Cl, Sr/Ca and higher Mg/Ca compared to those derived from the felsic rock group. The classification of rock types in the catchment made from the field observations is borne out largely by the geochemical signatures, which are established rapidly on infiltration. This subdivision is remarkably clear given the complex nature of bedrock geology in a high grade metamorphic terrain such as this. Some of the departures from the overall classification must relate to three-dimensional geological features including facies variations. In Greater Romwe the geochemical signatures give confidence in the use of the Landsat satellite image as a means to determine aquifer type.
Recharge estimation from CMB
In this study the main application of the CMB method has been to draw attention to the control of bedrock lithology on relative magnitudes of groundwater recharge and validate these using the physical estimates. In assessing the uncertainty in the absolute and relative estimates of recharge made, it is necessary to examine the assumptions made in applying the method to the Romwe catchment and Greater Romwe:
i) Conservation of atmospheric and soil Cl. Total (wet and dry) deposition was measured over the rainy season, as in previous studies (Gaye and Edmunds, 1996) . Dry deposition outside the rainy season was not measured, and assumed not to form a significant contribution; if it were, then this would mean recharge calculated here is an underestimate. In dryland areas there is the potential for soil erosion and Cl export but in Romwe the vegetated surface greatly restricts any wind erosion.
ii) Addition of Cl from geological sources. Compared with other inorganic ions, Cl is inert, and with very few exceptions is neither being added nor removed by water-rock interaction during percolation in the vast majority of environments. Primary minerals in igneous and metamorphic terrain can be a source of Cl, substituting for OH as a trace constituent of biotite and amphiboles especially in volatile-rich igneous rocks (Edmunds et al, 1984; Kamineni, 1987) . However, in high grade metamorphic terrain, such as within the Greater Romwe area, it is likely that primary minerals have undergone extensive alteration and any Cl substituted by OH.
iii) Influence of vegetation. Vegetation removes water by evapotranspiration but retains Cl and is expected to show steady state behaviour unless widescale vegetation clearance takes place; xylem water in trees, for example, largely reflects that of the soil solution (Raveh and Levy, 2005) . Thus, Cl will be recycled in the soil and as decaying vegetation although may be exported as biomass. Some water loss (and Cl concentration) by evapotranspiration from deep-rooted vegetation from shallow water tables is possible (Moriarty 2000) . In Romwe, however, the areas occupied by such vegetation are located primarily outside and downstream of the cultivated zones where groundwater is sampled.
iv) Human influence on Cl. High groundwater NO 3 concentrations, such as were found in many of the sites across Romwe, can be associated with high Cl. In Romwe, high NO 3 may be the result of organic fertilizers (artificial inorganic fertilizers are not routinely used) which would not add significant amounts of Cl or N-fixing by leguminous plants which also would not add Cl. High NO 3 concentrations may also be a consequence of the disposal of human waste which would act overall to concentrate Cl. Some correlation of high groundwater NO 3 and Cl concentrations is seen in the samples included in Table 1 but as stated in section 4.1, to reduce uncertainty, groundwaters with NO 3 -N concentrations of greater than 20 mg l -1 were removed from dataset used in the CMB.
v) Rainfall and runoff Cl concentrations. Although the rainfall Cl concentration used in the mass balance is the average of three years weighted mean this is comparable with other long term values measured elsewhere across Africa (inland site, N. Nigeria 1.4 mg l -1 , Edmunds et al, 1999 ; coastal site, Senegal 2.8 mg l -1 , Edmunds and Gaye, 1994) . The mass balance has assumed runoff Cl concentration is the same as that of precipitation. The small amount of runoff Cl data do not allow a weighted mean Cl mass to be calculated for this component of the water balance but what are available show concentrations in runoff from both sub-catchments greater than that of rainfall. The uncertainty in this component of the CMB is significant for the absolute values of recharge estimated. A higher Cl concentration in runoff than rainfall would result in a ratio of recharge to the mafic rocks and felsic rocks higher than estimated in Section 4.3. vi) Recharge mechanisms. As has been reported elsewhere in semi-arid regions of Africa (Favreau et al, 2009; Taylor et al, 2013) , Butterworth et al (1999b) identified that in the Romwe catchment a high proportion of groundwater recharge occurred as a result of intense rainfall events, in part because sufficient water was delivered to the soil to overcome the moisture deficit and allow rapid percolation of water below the root zone. They also identified that recharge was enhanced on the upgradient side of field bunds where runoff is captured during intense rainfall. This recharge mechanism fits the assumptions of the CMB, with the Cl mass being conserved in the evaporating standing water. The spatial variability in groundwater Cl may be partially related to changes in density of bunds within the cultivated area; it may also be due to enhanced recharge where the hillslopes meet the relatively flat gradient of the valley floor. However, the mean Cl concentration used assumes that water samples are representative of groundwater chemistry.
Interflow through the sandy horizon than overlies the clay layer in the regolith of the felsic rock group has been observed to enter directly into large-diameter wells. As this water may otherwise have remained at depths where evapotranspiration could take place, this direct inflow would result in sampling of groundwater that is not representative of the aquifer. Cl concentrations in groundwater in these wells are likely to be lower than those in the aquifer. The recharge to the felsic rock group could therefore be even less than estimated.
Given the range of potential errors and the lack of data to quantify them, it has not been possible to define error bounds for the estimates of groundwater recharge calculated using the CMB. Comparison with those estimates produced by physical methods does, however, does provide some confidence that the estimates from the CMB are of the correct order. Further, were the areas of uncertainty listed above to be addressed then the conclusion that recharge to the mafic rock aquifer is substantially greater than to the felsic rock aquifer would not change. The occurrence of natural vegetation likely to concentrate Cl does not vary between the areas underlain by the two soil/aquifer types in Romwe. The influence of current land use on comparative recharge rates was also considered. Butterworth et al (1999a) identify differences in cultivation between the two soil types in the Romwe Catchment as a result of the ease of ploughing and the drainage characteristics and it is accepted that this has an influence. However, walking surveys showed that in Greater Romwe the intensity of cultivation was much lower than in Romwe but still the correlation between CMBderived recharge rates and soil/aquifer type is apparent, although not so strong. In Romwe, the areas of the two main soil types are fully cultivated and there is no indication of a difference in organic matter application. As identified above, if Cl concentrations in runoff are higher than assumed then this would increase the ratio of mafic to felsic aquifer recharge.
Conceptual model of groundwater flow system
A conceptual model of the dynamics of the groundwater systems in the low-lying areas of the catchment has water moving into the mafic aquifer more quickly causing water levels to rise rapidly but, due to higher permeability, recessing to relatively low levels during the dry season. The higher recharge, storage and permeability make it significantly more productive than the felsic rock aquifer. Less water is able to replenish the felsic rock aquifer system due to higher runoff on the grey duplex soils and the poorer infiltration capacity of the underlying aquifer. Lower overall permeability of the aquifer means less recession but also greater drawdown in wells in response to pumping, as well as lower yields.
Groundwater Cl concentrations in the mafic aquifer remained uniform over the 1995/96 season in which there was regular monitoring of selected wells; this implies a large degree of aquifer homogeneity. It is likely, therefore, that the recharge signature is made-up principally of direct recharge via permeable soils to a uniform aquifer, rather than mixing in a dual porosity or layered system, for example. During the wetter years of the 18-year rainfall cycle in southern Africa, groundwater levels in the mafic aquifer often return to close to the ground surface during the wet season indicating a rapid response under the low storage conditions (Butterworth et al, 1999c) . The most likely mechanism for this, based on the monitored Cl, is direct infiltration via the permeable soils displacing water from storage as a pressure response to the incoming groundwater.
During the drier periods of the 18-year cycle the lower rainfall results in lower recharge and a greater buildup of Cl as a result of evapotranspiration. Although there may be slight variations in groundwater Cl concentrations in the aquifer over the whole 18-year cycle, a large degree of homogenisation is expected to take place.
The above model also applies to the felsic rock aquifer where the slow movement of recharging water has further buffered the fluctuations in groundwater Cl. The time series data show there is a trend towards higher Cl and changes in the groundwater chemistry in wells and piezometers within the felsic rock aquifer within a season. This, it is thought, is due to the greater effect of interflow as a recharge source. This has implications for the conclusions from the results from the Romwe catchment as these were based on samples taken at the beginning of the dry season. If groundwater Cl concentrations in the wells in the felsic rock aquifer measured in March 1994 were lower than the concentrations in the aquifer distant from the wells, recharge estimates will have been overestimated.
As with the Romwe catchment, the median Cl concentrations in the samples from the mafic rock aquifer in Greater Romwe were higher than the felsic rock, although with a lower ratio. This suggests that the conceptual model of the groundwater system developed for the Romwe catchment could be applied across Greater Romwe and further extrapolated. There is anecdotal evidence that supports this, as the number and productivity of groundwater points is low in the areas identified from the ground as having grey duplex soils, the opposite being the case in areas with red clay soils.
Conclusions
1) The geochemical approach adopted in the Romwe Catchment study supports the findings from piezometric evidence and monitoring that there are significant differences in hydrogeological properties of weathered basement derived from different primary lithologies. In particular the recharge rates and well yields are higher in aquifers derived from basic as compared with acidic lithologies.
2) Major ion compositions and several minor ions clearly reflect the weathering of the two main gneiss lithologies and their ratios and concentrations may be used to fingerprint the sources of the groundwater.
3) The hydrochemical signatures correspond closely to the classification of rock types derived from field surveys (Romwe catchment) and satellite images (Romwe and Greater Romwe) and provide confirmation that the latter can be used to define groundwater types in suitable terrain. 4) Chloride acts as an inert tracer (in contrast to water itself which is lost during the evaporation and transpiration process) and has been used here to investigate the water balance, the accumulation of chloride being proportional to evaporative concentration. This has been achieved by measurements of rainfall, and rainfall chemistry, and the chloride concentrations in groundwaters.
5) The chloride mass balance method has been used to estimate groundwater recharge for the Romwe catchment, for the mafic aquifer, 22 mm, and the felsic rock aquifer, 6.7 mm. These are 3.7% and 1.1%, respectively, of the long-term mean annual rainfall. This compares well with the results of studies on the Romwe catchment using physical techniques. The uncertainties associated with the chloride mass balance-derived recharge estimates although potentially significant have not been quantified. However, there is confidence in the conclusion that the recharge to the mafic aquifer is substantially greater than that to the felsic aquifer.
6) The results obtained by extrapolation from the well-instrumented Romwe catchment to Greater Romwe (with limited data) have allowed upscaling of the experiments.
7) The chloride mass balance may be used as a simple and inexpensive tool to investigate catchment water balances in seasonally arid hard rock terrain such as occur in tropical regions. These methods also apply to areas with limited data and where (hydrological) instrumental approaches may be time consuming and implementation costly. However a minimum of rainfall measurement (ideally over several years) and rainfall and groundwater/surface water analyses are required.
The results from this study have implications for groundwater development in basement terrains. Zones identified by remotely sensed images have been linked indirectly to the productivity of the weathered basement aquifer. Properly calibrated, these images could be further regionalized to site groundwater sources, providing a relatively inexpensive development tool.
Stadler, S., Osenbrück, K., Duijnisveld, W.H.M., Schwiede, M., Böttcher, J., 2010. Linking chloride mass balance infiltration rates with chloroflurocarbon and SF6 groundwater dating in a semi- Rainfall in the Romwe catchment and typical groundwater hydrographs for the mafic gneiss aquifer (piezometer G) and the felsic rock group aquifer (piezometer K2). Note, the spikiness of the hydrograph may be partially due to the lack of casing in the piezometers below 1 metre, allowing ingress of infiltrating rainfall via preferential flow pathways in the unsaturated zone.
Figure 4
Groundwater levels in wells and nearby piezometers in the mafic (a) and felsic (b) rocks, with weekly abstraction volumes (litres), for 1994/95 dry season. Note, the spike in the water level for Well 10 in January 1995 is thought to be due to interflow directly recharging the well following a rainfall event. Ions and ionic ratios (Na, Na/Cl, K/Na, Mg/Ca, Sr/Ca and Ba) versus chloride in groundwater samples from Greater Romwe, sampled November 1997. Samples from groundwater sources in mafic rock are shown by solid symbols and in felsic rocks are open symbols.
